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VWURQJO\WRWKHPLFURVWUXFWXUHDQGSURSHUWLHVRIPHWDOPDWHULDO6HOHFWLYHODVHUVLQWHULQJ6HOHFWLYH/DVHU6LQWHULQJ
6/6 >@ DQG 6HOHFWLYH /DVHU 0HOWLQJ 6HOHFWLYH /DVHU 0HOWLQJ 6/0 >@ DUH ERWK UHYROXWLRQDU\ VLQWHULQJ
WHFKQRORJ\ ,Q WKLVH[SHULPHQW WKHVDPSOHVZHUHPDQXIDFWXUHGE\(26,170PDFKLQHZKLFK LVDQDGGLWLYH
PDQXIDFWXULQJPDFKLQH
8QOLNHFRQYHQWLRQDOKHDWLQJRUPLFURZDYHKHDWLQJERWKVLQWHUHGLQWHJUDOO\LQPDFURVFRSLFSDWWHUQDIWHUPDWHULDOV
ZHUHPRGHOHG7KH6/6DQG)'0WHFKQLTXHVGRQ¶WKDYHXQLIRUPO\KHDWLQJ LVVXHVEHFDXVHPDWHULDOPROGLQJDQG
VLQWHULQJ DUH SHUIRUPHG VLPXOWDQHRXVO\ WKH ZKROH VLQWHUHG PDFURVFRSLF PRGHOV WXUQ RXW WR EH VLQWHUHG VLQJOH
PLFURVFRSLF SDWWHUQV EHWZHHQ SRZGHU DQG SRZGHU ,W FDQ EH H[SHFWHG WKDW WKHPLFURVWUXFWXUH XQLIRUPLW\ZLOO EH
VLJQLILFDQWO\LPSURYHGDQGWKHPDWHULDOZLOODOVRKDYHPRUHSURWUXGLQJIHDWXUHV3HUPHDELOLW\RIWKHVRIWPDJQHWLF
PDWHULDO LVDIIHFWHGE\PDQ\IDFWRUV VXFKDVPDJQHWLFSDUWLFOHFRPSRVLWLRQSDUWLFOHVKDSHVL]HSDFNLQJGHQVLW\
WKLV SURMHFWZLOO XVH 6HOHFWLYH /DVHU0HOWLQJ6/0 WHFKQLTXH7KH ODVHU SRZHU DQG VFDQQLQJ VSHHGZHUH XVHG DV
YDULDEOHV
7KH OD\HU WKLFNQHVV DQG ODVHU VSRW GLDPHWHU DUH VHW WR EH  P DQG PP ZKLOH RWKHU 6/6 SDUDPHWHUV
UHPDLQHGFRQVWDQW6DPSOHVZHUHPDQXIDFWXUHGLQWKHQLWURJHQHQYLURQPHQWDQGWKHUDWLRRIR[\JHQFRQWHQWLQWKH
FKDPEHULVFRQWUROOHG7KHWHFKQLTXHWKDWR[\JHQLVXVHGWRFRQWUROLQVXODWLRQFRDWLQJLQFKDPEHUKDVUHSODFHGKRW
SUHVVLQJVLQWHULQJSURFHVV WR LPSURYH WKHSRURVLW\RIVRIWPDJQHWLFPDWHULDOV7KLVDOVRVLJQLILFDQWO\ LQFUHDVHV WKH
SHUPHDELOLW\RI WKH VRIWPDJQHWLF FRPSRVLWHPDWHULDO WKH OHYHORI FRPSOH[LW\RI WKHGHVLUHGREMHFW FDQEH7KHVH
REMHFWV FDQ EH DSSOLHG WRPRUH DSSOLFDWLRQV DQG UHSODFH LURQVLOLFRQ EDVHG DOOR\5DSLG SURWRW\SLQJ LV FXUUHQWO\ D
SURPLVLQJPHWKRGWRSURGXFHVRIWPDJQHWLFPDWHULDOZRUNSLHFHVZLWKFRPSOH['PRGHOLQJ7KHPDLQLGHDLVWRXVH
LURQSRZGHUZKLFKKDVDQDYHUDJHSDUWLFOHVL]HOHVVWKDQȝPDVDEDVHPDWHULDOFRPELQHGZLWK6/0WHFKQLTXH

([SHULPHQW
2.1. Powder  
6RIWPDJQHWLFPDWHULDOSRZGHU>)H6L&U@DOOR\SRZGHUZDVXVHGDVDSULPDU\LQJUHGLHQW,WZDVSURGXFHGXVLQJ
JDVDWRPL]DWLRQRIKRWPHOWLQJDQGSURYLGHGE\WKHPDQXIDFWXULQJFRPSDQ\+,0$*7KHFKHPLFDOFRPSRVLWLRQRI
>)H6L&U@DOOR\SRZGHULVDVVKRZQLQ7DEOH

7DEOH&KHPLFDOFRPSRVLWLRQRI)H6L&U
6L:W 
&U:W 
&SSP 
2SSP 
6SSP 
2.2. Soft magnetic materials 
6RIWPDJQHWLFPDWHULDOVDUHORZFRHUFLYLW\PDJQHWLFPDWHULDOVDQGDUHVXVFHSWLEOHWRH[WHUQDOPDJQHWLFILHOG,WV
PDLQ IHDWXUHVDUHKLJKSHUPHDELOLW\ ORZFRHUFLYLW\KLJKVDWXUDWLRQRI IOX[GHQVLW\ ORZSRZHUFRQVXPSWLRQDQG
KLJK PDJQHWLF VWDELOLW\ &XUUHQWO\ WKH DSSOLFDWLRQ RI VRIW PDJQHWLF PDWHULDO IRU GLIIHUHQW UHTXLUHPHQWV DQG
FKDUDFWHULVWLFVRI WKHPDJQHWLFPDWHULDO FDQEHGLYLGHG LQWRGLIIHUHQW FDWHJRULHV)H6L)H1LEDVHG IHUULWHEDVHG
DPRUSKRXVPDWHULDO7KHKLVWRU\RIVRIWPDJQHWLFPDWHULDOVKDYHGHYHORSHGIRUQHDUO\DKXQGUHG\HDUVSLYRWDO WR
PDQ\UHODWHGWHFKQRORJLHVOLNHSRZHUHOHFWURQLFVZKLFKLQWXUQVWLPXODWHGVRFLDOSURJUHVV
7KHPRVW UHSUHVHQWDWLYH PDWHULDOV LQ WKLV FDWHJRU\ DUH VLOLFRQ VWHHO IHUULWH SHUPDOOR\ DPRUSKRXV PHWDOV DQG
QDQRFU\VWDOOLQHPHWDOV ,Q  WKH RXWSXW YDOXH RI JOREDO VRIWPHWDO DOOR\ GHSRVLWV LV  ELOOLRQ86 GROODUV
DFFRXQWLQJ IRU RI WKH WRWDO YDOXH RI WKH VRIWPDJQHWLFPDWHULDOV VRIW IHUULWH SURGXFWLRQ YDOXH LV  ELOOLRQ
DFFRXQWLQJIRUDERXWRIWKHWRWDOYDOXHRIWKHVRIWPDJQHWLFPDWHULDOV,QSUHVHQWGD\DSSOLFDWLRQVVRIWPDJQHWLF
PDWHULDOVFDQEHIRXQGLQDZLGHUDQJHRILPSRUWDQWSURGXFWVVXFKDVLQGXVWULDODXWRPDWLRQHTXLSPHQWVHOHFWURQLF
LQVWUXPHQWVFRPPXQLFDWLRQHTXLSPHQWVHOHFWULFDOFRPSXWHUVDQGSHULSKHUDOVHWF,WLVDJURXSRIVRPHRIWKHPRVW
FRPPRQPHWDOGHSRVLWVRQHDUWKZKLFKLQWXUQPDNHVLWDZLGHO\XVHGPDWHULDO
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2.3. Selective Laser Melting (SLM) 
7KHSURFHVVZKLFKLQFOXGHVWKHODVHUGHYLFHPHWDOPDWHULDOVSRZGHUDQGLQIUDUHGODVHUEHDPRQWKHPDFKLQLQJ
SODQH DUH VKRZQ LQ)LJ 7KHSODWIRUP LV FRYHUHGZLWK D WKLQ OD\HU VXEPLOOLPHWHU WKLFNRIXQLIRUPO\ VSUHDG
SRZGHUDV D UDZPDWHULDO7KH ODVHUEHDP WKHQ VFDQV WKH UDZPDWHULDO WZRGLPHQVLRQDOO\ZLWKFHUWDLQ VSHHGDQG
HQHUJ\XQGHUWKHSUHFLVHFRQWURORIDFRPSXWHUVWLPXODWLQJWKHVXEOHYHORUELWDOVRIWKHPDWHULDO
7KHVFDQQHGSRZGHULVWKXVO\VLQWHUHGLQWRH[SOLFLWSRVLWLRQVRQWKHVDPHOD\HUZKLOHWKHXQVFDQQHGDUHDVUHPDLQV
LQ SRZGHU IRUP 7KHPDFKLQH SURFHHGV WR VFDQ WKH XSSHU OD\HUV DIWHU WKH LQLWLDO OD\HU EXLOGLQJ XS WKH ILQDOL]HG
SURGXFW>@7KHEXLOGLQJSODWIRUPORZHUVE\WKHSUHVHWOD\HUWKLFNQHVVWKHQWKHOHYHOLQJUROOHUZLOOSDYHSRZGHURQ
WKHSODWIRUPDQGUHDG\WRVWDUWDQHZVFDQ7KLVSURFHVVZLOOUHSHDWRYHUDQGRYHUDJDLQXQWLOWKHGHVLUHGQXPEHURI
OD\HUVDUHVFDQQHG7KHILQDOL]HGSURGXFWDIWHUPDQXDOO\UHPRYLQJWKHH[FHVVSRZGHUDQGRWKHUDSSURSULDWHSRVW
SURFHVVLQJVXFKDVJULQGLQJDQGGU\LQJZLOOEHUHDG\WRXVH>@
'XULQJ WKH UHVHDUFK WKH 6/0 LQ ,75, XVHG DV DPDFKLQH KDV<%ILEUHZLWK DZDYHOHQJWK RI  QP DQG D
PD[LPXPRXWSXWSRZHURIDQG:7KHODVHUSRZHUDQGKDWFKGLVWDQFHZHUHXVHGDVYDULDEOHV2WKHU6/6
SDUDPHWHUVUHPDLQHGFRQVWDQWWKHOD\HUWKLFNQHVVRIPDQGWKHODVHUVSRWGLDPHWHURIPP
6DPSOHVZHUHPDQXIDFWXUHG LQ WKH1LWURJHQDWPRVSKHUHDQG WKHXVHRI WKHJDVFRQWHQW LQ WKHERG\FDYLW\FRQWURO
2[LGDWLRQ,QVXODWLRQFRDWLQJLQSK\VLFDOPHWDOOXUJ\DVSHFW

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
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

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
)LJ6HOHFWLYH/DVHU0HOWLQJ˗6/0$UFKLWHFWXUH

2.4. Analytical Instruments 
3DUWLFOHVL]HGLVWULEXWLRQZDVGHWHUPLQHGE\XVLQJWKHODVHUGLIIUDFWLRQPHWKRGRQWKH/$/DVHU3DUWLFOH6L]H
$QDO\]HUZLWKGHILQLWLRQRIQP7KHVXUIDFHPRUSKRORJ\DQGSDUWLFOHPLFURVWUXFWXUHVWXGLHVZHUHFRQGXFWHGE\
XVLQJ WKH )(6(0 ) VFDQQLQJ HOHFWURQ PLFURVFRSH 6(0 ,W ZRUNV DW [ ]RRP ZLWK DQ DFFHOHUDWLQJ
YROWDJHRI9WRN9;5D\GLIIUDFWRJUDPV;5'RIWKHVDPSOHVZHUHSURGXFHGE\XVLQJWKH%UXNHU'
$GYDQFHGLIIUDFWRPHWHUDWWKH&X.ĮȜ cUDGLDWLRQ3UHOLPLQDU\SKDVHVKLIWDQDO\VLVZDVFRQGXFWHGE\
XVLQJWKH0',-DGH3OXV(YDSURJUDPGLIIUDFWRPHWHUVRIWZDUH
7KH SRURVLW\ ZDV PHDVXUHG E\ XVLQJ WKH PHWDOORJUDSKLF PHWKRG 7KH VDPSOHV ZHUH HPEHGGHG LQWR SODVWLF
EXUQLVKHGDQGSROLVKHG
3DQRUDPLFVKRWVZHUHWDNHQE\XVLQJWKH/HLFD1,.21/9OLJKWRSWLFDOPLFURVFRSHDWWKH[]RRP
7KH VDPSOHXVHG IRUREVHUYDWLRQRIPLFURVWUXFWXUHZDVJULQGHGDQGSROLVKHGZLWK HTXLSPHQWSURYLGHGE\07+
+UD]GLO6UR&RPSDQ\DQGZDVHWFKHGE\1LWDO
7KH VDPSOH XVHG IRU REVHUYDWLRQ RI 6XSHUFRQGXFWLQJ 4XDQWXP ,QWHUIHUHQFH 'HYLFH 9LEUDWLQJ 6DPSOH
0DJQHWRPHWHUPHDVXUHPHQWZLWKHTXLSPHQW648,'960&RPSDQ\
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(TXDWLRQV
3.1. Materials 
:HOHDUQHG6HOHFWLYH/DVHU6LQWHULQJ6KRSSRZGHUDVWKHPDLQNH\ZHXVHPHVKVLHYHWRSURGXFHDQDYHUDJH
SDUWLFOHVL]HRIȝPRUOHVVZKLFKLVVXLWDEOHIRUGXVWLQJ/DVHUVLQWHULQJSRZHULVa:VFDQQLQJVSHHGLV
aPPVDQGWKHKLJKHVWODVHUSHDNLVPPV
7KH6(0LPDJHVRIWKH)H6L&UDOOR\SRZGHUDVVKRZQLQ)LJLQGLFDWHVWKDWWKHSDUWLFOHVKDSHLVDOPRVWVSKHULFDO









)LJ7KHJUDQXODWHGVSKHULFDOSRZGHU
$OOSDUWLFOHVL]HDUHOHVVWKDQPDQGWKHDYHUDJHVL]HLVPDVVKRZQLQ7DEOH
7DEOH3DUWLFOHVL]HGLVWULEXWLRQPHDVXUHPHQWVIRUWKHLQLWLDOSRZGHU
'ȝP 
'ȝP 
'ȝP 
7KHSRZGHUSDUWLFOHLVDOPRVWVSKHULFDODQGPHDQVL]HLVPDOVRZLWKDVXIILFLHQWIORZUDWHDVVKRZQLQ
7DEOH
7DEOH5HVXOWVRIWKHDOOR\SRZGHUIORZUDWHDVVHVVPHQW
3RZGHUXQGHUH[DPLQDWLRQ 0DVVIUDFWLRQLQUHODWLRQWRWKHLQLWLDOIUDFWLRQ )ORZUDWHVJ
,QLWLDO  
P  
!P  

$VFDQEHVHHQ IURP7DEOH WKHPDVV IUDFWLRQRI WKHSRZGHUZLWK!PSDUWLFOHVDFFRXQWV IRURI WKH
LQLWLDOSRZGHUZKHUHDVPRVWSDUWLFOHVDUHOHVVWKDQPLQVL]H
7KLVGDWDFRUUHODWHVZHOOZLWKWKHSDUWLFOHVL]HGLVWULEXWLRQRIWKHLQLWLDOSRZGHUDVVHVVPHQW
,Q WKLVZRUN WKHPHDVXUHPHQWRI  WKHSKDVH FRPSRVLWLRQ ;5'DQDO\VLV)LJ RI WKH LQLWLDO)H6L&U VXSHU DOOR\
SRZGHUZDVFDUULHGRXW>@
 
822   Kai Jyun Jhong et al. /  Physics Procedia  83 ( 2016 )  818 – 824 

)LJ;5'LPDJHRIWKHSDUWLFOHVRIWKH)90VXSHUDOOR\SRZGHUSURGXFHGXVLQJJDVDWRPL]DWLRQRIWKHKRWPHOW)H6L$QJOHDQG
ș

3.2. Processing 
7KH VFKHPDWLF GLDJUDP IRU 6/0 SURFHVV LV VKRZQ LQ )LJ  7KH SRZGHUV ZHUH GHOLYHUHG WKURXJK D SRZGHU
IHHGLQJ DSSDUDWXV DIWHU WKDWZHUH UROOHGE\ DPRYLQJ UROOHU WKXV D VPRRWKSRZGHU OD\HU FDQEHREWDLQHG:KHQ
EXLOGLQJPXOWLOD\HUV VDPSOHV WKH SRZGHUV FRXOG EHPHOWHG YLD WKH ODVHU VFDQQLQJ V\VWHP FRQWUROOHG E\ D &$'
PRGH
7KHODVHUSRZHUDQGVFDQQLQJVSHHGZHUHXVHGDVYDULDEOHV7KHOD\HUWKLFNQHVVDQGODVHUVSRWGLDPHWHUDUHVHWWREH
 P DQG PPZKLOH RWKHU 6/6 SDUDPHWHUV UHPDLQHG FRQVWDQW6DPSOHV ZHUH PDQXIDFWXUHG LQ WKH QLWURJHQ
HQYLURQPHQW DQG WKH UDWLR RI R[\JHQ FRQWHQW LQ WKH FKDPEHU LV FRQWUROOHG/DVHU 3RZHU  a : 6FDQQLQJ
VSHHG  a PP  V $IWHU 6/0 VLQWHULQJ WHVWV WKH RSWLPXP IRUPLQJ SDUDPHWHUV DUH :  PPV
UHVSHFWLYHO\IRU)H6L&UDOOR\SRZGHU6/0WHFKQLTXHZLOOFRPSDUHZLWKWKHWUDGLWLRQDOSURFHVV>@

)LJ$GMXVWSRZHUVSHHGWHVWDQGWHVWFRQGLWLRQV3RZHUa:6FDQVSHHGaPPV

$IWHUSDUDPHWHUV WHVWLQJXVLQJ WKHSDUDPHWHUV WR IRUPDPHWDOEORFNPDWHULDO DQGFRQWURO WKH UDWLRRIR[\JHQ
FRQWHQWLQWKHFKDPEHU>@
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&RQFOXVLRQ
$GHWDLOHG H[SHULPHQW KDV EHHQSHUIRUPHG WR VWXG\ WKHPROHFXODU VWUXFWXUDO DQGEHKDYLRU RI WKH)H6L&U DOOR\
SRZGHUEHIRUHDQGDIWHUJRLQJWKURXJK6/0SURFHVVLQJDQGKHUHDUHWKHFRQFOXVLRQV
7KHLQLWLDO)H6L&UDOOR\SRZGHUWKDWZHXVHGLVDOPRVWVSKHULFDOZLWKDQDYHUDJHSDUWLFOHVL]HRIP
 (IILFLHQF\ KDV EHHQ IRXQG WR EHPD[LPL]HGZKHQ ODVHU SRZHU DQG VFDQQLQJ VSHHG DUH : PPV
UHVSHFWLYHO\
7KHUDWLRRIR[\JHQFRQWHQWLQWKHFKDPEHUVKRXOGEHNHSWDWIRUEHVWUHVXOWV
0+FXUYHVKRZVWKDWWKHPDJQHWLFSURSHUW\RIWKHVLQWHUHGULQJLVEHWWHUWKDQ&6WUDGLWLRQDOVLOLFRQ
VWHHO
5HIHUHQFHV
<DGURLWVHY6PXURY6XUIDFH0RUSKRORJ\LQ6HOHFWLYH/DVHU0HOWLQJRI0HWDO3RZGHUV,Q6FLHQFHGLUHFW3K\VLFVSURFHGLD9ROS

7RORVD,*DUFLDQGLD)=XELUL)=DSLUDLQ)(VQDROD$6WXG\RIPHFKDQLFDOSURSHUWLHVRI$,6,VWDLQOHVVVWHHOSURFHVVHGE\ಯVHOHFWLYH
ODVHUPHOWLQJ´IROORZLQJGLIIHUHQWPDQXIDFWXULQJVWUDWHJLHV,QW-$GY0DQXI7HFKQRO±±
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±±
3DXO-DFREV³5DSLG3URWRW\SLQJ	0DQXIDFWXULQJ)XQGDPHQWDOVRI6WHUHR/LWKRJUDSK\´6RFLHW\RI0DQXIDFWXULQJ(QJLQHHUV86$
%RXUHOO'/0DUFXV+/%DUORZ-:DQG%HDPDQ--³6HOHFWLYH ODVHUVLQWHULQJRI PHWDOVDQGFHUDPLFV´,QWHUQDWLRQDO-RXUQDORI3RZGHU
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
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(IIHFWVRISURFHVVLQJSDUDPHWHUVRQ WKH WHPSHUDWXUH ILHOGRI VHOHFWLYH ODVHUPHOWLQJPHWDO
SRZGHU3RZGHU0HWDOO0HW&HUDP±±
5XLGL/L	-LQKXL/LX	<XVKHQJ6KL	/L:DQJ	:HL-LDQJ%DOOLQJEHKDYLRURIVWDLQOHVVVWHHODQGQLFNHOSRZGHUGXULQJVHOHFWLYHODVHUPHOWLQJ
SURFHVV0DQXI7HFKQRO±

